effectiveness of actinomycin D applies to the cutting-elicited enhanced synthesis of three citical enzymes of phosphatidylcholine synthesis, naely pplce ceride transferase, phosphorylcholine-cytidyl transferase, and phosphatidylpbosphatase. By contrast, actinomyc& D given at any time is without effect on the measurable levels after 24 hors of a seection of glycolytic and mitochondrial respiratory enzymes. Neither succini dehydrogenase nor cytochrome oxiase activity incrases with time in aging potato slices in the presence or absence of cmhoamphenicol. The foregoing observations emphasize the central role of phospholipid, and ulimately membrane bionthesis, in the developent of wound-induced respiration.
The respiration of fresh potato slices, the wound respiration, is at once three to five times that of the intact tuber on a weight basis. In approximately 24 hr following cutting, the respiration rises with time another 3-to 5-fold to yield the wound-induced, or induced, respiration. Thus, the respiration of an aged slice may be 25 times that of the intact tuber. Tuber and aged slice respiration utilize carbohydrate as substrate and comprise conventional glycolysis and the tricarboxylic acid cycle. By contrast, fresh slice respiration draws upon lipid as the primary respiratory substrate and manifests little or no tricarboxylic acid cycle activity (17, 24, 28) . Lipid oxidation in fresh slices is itself unusual insofar as it constitutes a noticeable measure of a oxidation (27, 28) .
While the respiration of aged slices is largely cyanide-insensitive (15, 26) and that of tubers may be sharply stimulated by cyanide (37) , fresh slice respiration is predominantly cyanidesensitive. Furthermore, aged slice respiration is markedly malonate-sensitive, whereas fresh slice respiration is not (24) .
The membranes of cells of fresh slices from a variety of fleshy storage organs as viewed in the electron microscope are reduced and disorganized (2, 4, 16, 41) , and mitochondria isolated from certain fresh slices (e.g. red beet) are manifestly degraded (41) . Cells fully formed mitochondria with well developed cristae (29, 41) . When isolated mitochondria are separated centrifugally in a density gradient, mitochondria from aged slices form a sharper, i.e. more homogeneous, band than mitochondria from fresh slices (8) . In this context, it has been discovered that more than 30% of the phospho-and galactolipid of potato slices is degraded in 15 to 30 min at 0 C following cutting with the bulk of it resynthesized in the next 24 hr (40) . The foregoing observations suggest that slicing leads to immediate membrane destruction in potato slices, and raises the prospect that respiratory recovery and overshoot, i.e. the development of wound-induced respiration, entails the biosynthesis of membrane components, in particular, phospholipids.
Wound-induced respiration depends on a surge of RNA and protein synthesis which follows cutting (9, 35) , and one may surmise that the synthesis of one or more enzymes underlies the development of wound-induced respiration. Nevertheless, there is no glycolytic or respiratory enzyme which increases with slice aging sufficiently to explain the respiratory rise (15, 20, 33) . On the other hand, a marked increase is observed in the capacity for acetate incorporation into fatty acids (43), and choline incorporation into phospholipids (3, 5, 39) . In this connection, labeled choline is distributed among the various cell membranes, including mitochondrial membranes (8) .
The development of wound-induced respiration is fully suppressed by inhibitors of RNA and protein synthesis, respectively (9) . The general and widespread effect of the inhibition of message transcription by actinomycin gives no insight into which, if any, particular biosynthetic events are directly linked to the onset and development of wound-induced respiration. Whereas actinomycin impairs RNA synthesis in aging potato slices whenever presented, as judged by the inhibition of uracil incorporation into RNA (35) , it inhibits the development of induced respiration only when given in the first 8 to 10 hr (ref. 9; see Fig. 1 ). We have termed this phenomenon "time-restricted inhibition," and we make use of the concept of time-restricted inhibition herein by ascertaining which of the events that may be related to the initiation and development of wound-induced respiration are susceptible to inhibition by actinomycin or other selected inhibitors solely in the first 8 to Extraction and Isolation of Total Lipids and Estimation of Incorporated Radioactivity. After a prescribed interval in the experimental medium, disks were washed with 3 volumes of distilled H20 to remove exogenous label, blotted with filter paper, and dropped into S ml of boiling isopropyl alcohol (21) for 5 min to stop enzymic activity. The isopropyl alcohol extract and the tissue residue were further blender-homogenized in 25 ml chloroform-methanol (2:1, v/v). The homogenate was passed through filter paper to remove starch and cell wall debris, and the debris washed with an additional volume of chloroformmethanol. The filtrate was then washed with 0.9% NaCl according to Folch et al. (13) and the phases allowed to separate overnight. The chloroform phase was removed and excess chloroform was added to the chloroform phase to remove any residual water.
Samples were taken from the chloroform phase, suspended in scintillation fluid (22) (25) .
The homogenate was centrifuged at 750g for 5 min to remove cell wall debris and starch. The 750g supernatant solution was then decanted into polycarbonate Oak Ridge type tubes and centrifuged in a Beckman model L ultracentrifuge at 135,000 g for 1.5 hr, utilizing a 50.1 fixed angle centrifuge head. The resulting pellet was designated the total pellet, and was resuspended in 2 ml of extraction medium. The supernatant solution was used directly in the estimation of soluble enzymes.
Mitochondria from potato were prepared as described by Laties (25) .
Enzyme Assays. Choline kinase was estimated by the procedure of Tanaka et al. (38) . After 1 hr of incubation at 25 C, the reaction was terminated by boiling the reaction medium for 3 min after which the protein precipitate was removed by centrifugation. The (14) .
Glucose-6-P dehydrogenase was assayed by the method of De Moss (11) while pyruvate kinase was determined using the method of Bucher and Pfleiderer (7) .
Phosphofructokinase was measured by following the rate of NADH oxidation in connection with an aldolase-a-glycerophosphate dehydrogenase couple. With 0.1 mm ATP, 1 mm fructose-6-P, 3 and those which were treated initially with 25 g.g/ml actinomycin D (Fig. 2) . However, during the 5-to 12-hr interval of aging, the rate of choline incorporation increased 5-fold in the untreated samples, while the rate of incorporation in disks treated initially with actinomycin D remained unchanged. After 12 hr, the incorporation rate in the control remained steady until termination of the experiment at 24 hr.
Choline uptake by the tissue (Fig. 3) was similar to the pattern of incorporation into phospholipid in that there was an initial 4-to 5-hr lag period after slicing followed by a subsequent 5-fold increase in the free choline concentration in the tissue in the period up to 12 hr. Absorption declined during the remainder of the 24 hr, however, to levels two to three times that of fresh tissue, while choline incorporation remained steady.
Effect of Delayed Additions of Actinomycin D on the Uptake and Incorporation of Choline during the Course of Aging. Actinomycin D inhibits the development of the induced respiration in potato disks only when added during the first 10 hr (9) (Fig.  1) . Since the time of inhibitor addition is the critical factor, we examined the rate of incorporation of radioactive choline into phosphatidylcholine as affected by the time of addition of actinomycin in order to determine whether phosphatidylcholine synthesis showed time-restricted inhibition similar to that of the induced respiration. The addition of actinomycin D to fresh slices at the outset had the greatest effect on the subsequent incorporation of labeled choline into phosphatidylcholine. Later additions had a diminishing inhibitory effect (Fig. 4) . After 10 hr of tissue aging, addition of actinomycin had no effect on the subsequent incorporation of labeled choline into lecithin.
While the inhibition of choline uptake as a function of the time of actinomycin addition was not strictly negatively linear, there was little evidence of a pronounced critical initial 10-hr period of inhibitor sensitivity as for choline incorporation (Fig. 4) .
Activity of Phosphatidykcholine Biosynthetic Enzymes Compared with Key Glycolytic and Respiratory Enzymes during the
Course of Aging. The susceptibility to actinomycin of in vivo choline incorporation into phosphatidylcholine during the initial 10-hr critical period of aging raised the question of whether increased phospholipid synthesis with aging was due to an increase in synthesis of cellular enzymes in general, or reflected in part a specific rise of the enzymes implementing phosphatidylcholine biosynthesis. To answer this question, key enzymes of the lecithin biosynthetic path, and of the glycolytic, pentosephosphate, and mitochondrial respiratory pathways were assayed in homogenates of tissue disks of fresh and aged slices. Time-restricted biosynthesis of enzymes was differentiated from time-indifferent biosynthesis of enzymes by presentation of actinomycin D to tissue disks at intervals during aging, followed by determination of the total enzyme activity at the end of the 24 hr.
In both fresh and aged potato disks, phosphorylcholine-glyceride transferase (EC 2.7.8.2) was found to be associated solely with the membranous fraction sedimented at 135,000g for 1. hr. The total activity of the membrane-bound enzyme increased 2-to 3-fold during the course of aging (Table I) . Phosphorylcholine-cytidyl transferase (EC 2.7.7.15) was also found primarily in the pellet, although a small fraction (10%) of the enzyme was consistently associated with the supernatant fraction in both fresh and aged tissue. When the total activity of pellets from fresh and aged tissue is compared, there is about a 2-fold increase with age. Phosphatidylphosphatase increased almost twice (Table I ). The enzyme was associated with the high speed sedimentable membranous pellet. Choline kinase (EC 2.7.1.32), which yields phosphorylcholine from choline and ATP, was associated with the supernatant fraction and increased some 20% with tissue aging. When aging disks were exposed to actinomycin D at different times during the aging process, the activity of phosphorylcholine-glyceride transferase after 24 hr of aging was found to be severely limited only when actinomycin was added during the first 10 hr (Fig. 5) . Phosphatidylphosphatase showed a similar pattern of sensitivity to the time of addition of actinomycin D. To a lesser degree, sensitivity to actinomycin D of the development of phosphorylcholine-cytidyl transferase activity was also limited to the first 10 hr after slicing.
In sharp contrast to these enzymes, choline kinase (EC 2.7.1.32) showed an almost linear negative relation of inhibition with time of actinomycin addition, and inhibition was at a low level at best.
When the effect of the time of addition of actinomycin D during the aging process was examined with respect to the enzymes pyruvate kinase, P-fructokinase, glucose-6-P dehydrogenase, and mitochondrial malate dehydrogenase, there was a completely different response from that observed for phosphorylcholine-glyceride transferase, phosphatidylphosphatase, and phosphorylcholine-cytidyl transferase (Fig. 6 ). Glucose-6-P dehydrogenase and mitochondrial malate dehydrogenase showed no sensitivity to actinomycin D presented at any period of aging. Pyruvate kinase showed a low level of inhibition of activity for the first 2 hr. Inhibition declined with subsequent addition of Plant Physiol. Vol. 60, 1977 actinomycin D, until there was no effect at all after 5 hr. Phosphofructokinase activity was unaffected initially and very little affected by actinomycin D addition in the first 5 hr (Fig. 6 ).
Effect of Chloramphenicol and Erythromycin on the Development of Induced Respiration. The possible contribution of mitochondrial protein synthesis to the attainment of induced respiration was assessed in the presence of either chloramphenicol or erythromycin, both known inhibitors of mitochondrial protein synthesis (30, 34) . In the presence of chloramphenicol, there was no essential difference in the pattern of induced respiration when compared with control aged disks. Erythromycin, an alternative inhibitor of mitochondrial protein synthesis, also had no effect on induced respiration. The development of cyanide insensitivity, which is characteristic of aged tissue slices, was also observed in chloramphenicol-aged material.
Activity of Mitochondrial Enzymes in Sices Aged in Chioramphenicol. The activity of several mitochondrial enzymes was compared from fresh, 24-hr aged, and 24-hr chloramphenicolaged tissue in order to determine if there was augmented synthesis or turnover of these enzymes during the course of woundinduced respiration.
Mitochondria from aged and chloramphenicol-aged tissue had similar Cyt c oxidase activity which was less than that of fresh tissue on both a total and a specific activity basis (Table II) than in aged and antibiotic-incubated samples, wherein activity was similar (Table II) . The mitochondrial matrix enzyme, malate dehydrogenase, followed the same pattern of high total and specific activity associated with fresh tissue, and lowered activities in the aged material. Chloramphenicol in the aging solution did not affect the level of malate dehydrogenase in mitochondria from aged disks compared with untreated controls.
DISCUSSION
While the inhibition of respiratory development in slices of bulky storage organs by actinomycin points to the role of RNA synthesis and attendant protein synthesis in the development process, there is no indication of which of the many possible biosynthetic events are causative and which are consequential in the initiation and course of wound-induced respiration. In this connection, it is of paramount importance that the inhibitory effect of actinomycin on the full course of respiratory development through 24 hr is evident only when actinomycin is given in the first 8 to 10 hr after slicing (9, 35) . Seemingly, the one or more messages which control the development of induced respiration are transcribed soon after cutting and translated in the course of the next 24 hr. While a variety of glycolytic enzymes increase with aging of potato slices (20) and their turnover and de novo synthesis have been demonstrated (19) , evidence of induced transcription in response to cutting is lacking, and there is no indication that they are causatively implicated in the development of the induced respiration in the critical first 8 to 10 hr.
In our experiments, actinomycin is presented at varying intervals from the time of cutting, the metabolic measurement (e.g. choline incorporation, enzyme activity) being made in a 2-hr period at the end of 24 hr. This way there need be but one control, and an integrated value is obtained through several hr of the effect of the experimental variable. That is, the readout is multiplied so to speak, a condition which is a virtue so long as the turnover time of the biosynthetic product is not too short in relation to the total experimental period. That such is the case is manifest in the absence of inhibitor effect when inhibitor is given after 10 hr.
In our experiments the concept of time-restricted inhibition was put to use to determine which actinomycin-sensitive events of potentially many are central to the evocation and development of induced respiration. Since glycolysis, pentosephosphate cycle, and tricarboxylic acid cycle activity are sharply enhanced in connection with wound-induced respiration, it might have been anticipated that one or another of the enzymes comprising the foregoing sequences would show an actinomycin-sensitive rise. Such was not the case. Rather, three enzymes involved in lecithin biosynthesis-viz. phosphorylcholine-cytidyl transferase, phosphorylcholine-glyceride transferase, and phosphatidylphosphatase fulfilled the specified criteria. While the rise in activity of these enzymes was modest, i.e. from two to three times, the rise was actinomycin-sensitive in a time-restricted way. Evidence suggests that the message for at least one of these enzymes, phosphorylcholine-glyceride transferase, is labile, since disks treated with actinomycin immediately on cutting show a 96% diminution of enzyme activity after a day compared with the 24-hr control. That is, there is an absolute drop in enzyme level in the presence of actinomycin, signifying an actinomycin-sensitive turnover. It is of interest that enzymes which develop in barley aleurone in response to gibberellin (18) and in castor bean seeds on germination (32) are included in this group.
The course of choline incorporation follows the same actinomycin-sensitive time-restricted pattern as do the three lecithin biosynthetic enzymes. Choline uptake per se is less sensitive to actinomycin and is not sharply time-restricted. As will be shown in a following paper (42) , a choline analogue, dimethylaminoethanol, inhibits the development of induced respiration in a time-restricted way, as does cerulenin, an inhibitor of fatty acid biosynthesis. The presumption stemming from our observations is that phospholipid biosynthesis underlies membrane biosynthesis, which in turn controls the development of induced respiration. Since mitochondrial activity increases while mitochondrial numbers do not -as judged by the absence of any increase in Cyt oxidase, and the absence of any effect of erythromycin or chloramphenicol on the level of Cyt oxidase-we are led to the view that intussusception of new mitochondrial membrane components accounts for the ultimate enhancement of mitochondrial activity in aged slices over that in the intact tuber. In this connection mitochondrial phospholipids are degraded to an unmeasurable extent during mitochondrial isolation (39) and it is for this reason that it is difficult to make a significant quantitative comparison of the phospholipid composition of mitochondria from fresh and aged tissue. Nevertheless, we have noted that the per cent of the total mitochondrial fatty acid comprised by oleic acid, for example, changes from 2.5 to 7% with aging (Theologis and Laties, unpublished) and it is this type of observation together with earlier isotopic evidence of phospholipid synthesis in mitochondria from aged slices (8) which causes us to support the foregoing hypothesis.
A simple quantitative comparison of the respiratory activity of aged and fresh slices as a measure of relative mitochondrial activity is ruled out because of the anomalous nature of fresh slice respiration (17, 27) . Perhaps the very substrates for fresh slice respiration-the free fatty acids arising from membrane lipid breakdown-may prove to be derepressors in aging disks which evoke membrane biosynthesis and its respiratory consequences. PhD dissertation. University of Frankfurt, Germanv
